Plas-Labs dry box, which controls the humidity at approximately 8 %. All NMR spectra were acquired using a Bruker 500 MHz instrument at 298 K unless otherwise stated. X-ray diffraction patterns were obtained using a Bruker axs D8 advance powder X-ray diffractometer with Cu Kα source and Ge monochromator.
AzI was synthesised based on a previously reported procedure. 1 All other cations were obtained from Greatcell Solar, except CsI (Alfa). CD 3 NH 3 PbI 3 was synthesised as follows: CD 3 NH 2 (10g) was slowly bubbled into ethanol (200mL) under an inert atmosphere at -94 o C. 58 wt% hydroiodic acid (1eq) was added to this solution and the reaction allowed to heat to room temperature and left stirring for 16 hours. The ethanol was removed in vacuo and the resulting brown solid was washed with diethyl ether three times before recrystallising with ethanol and diethyl ether leading to the formation of a white solid which was confirmed to be CD 3 NH 3 I iodide by NMR. Yield (40.95 g 86%). To convert to CD 3 ND 3 I, CD 3 NH 3 I (20 g) was dissolved in D 2 O (25 eq, 55 mL) and stirred at room temperature for 16 hours. The solvent was removed in vacuo and the procedure repeated twice to maximise proton exchange. The resulting product was, again, confirmed using 2 H and 13 C NMR.
The perovskite powders were synthesised by hot-casting. To prepare d 6 -MAPbI 3 powders, a 1.9 M PbI 2 and CH 3 NH 3 I DMF solution was prepared and stirred at 60 o C for an hour before it was cast onto a clean glass petri dish at 110 o C and then left for an hour to form a black film.
The film was scratched from the petri dish to produce MAPbI 3 powder as confirmed by XRD.
The deuterium content of the d 6 -MAPbI 3 powder was confirmed to be 83% by integrating 2 H NMR. For the substituted perovskites 5 mol% of the MA was replaced with the appropriate cation and the same synthesis procedure was followed. The stoichiometry of the final materials was determined using 1 H NMR.
Atomic Force Microscopy (AFM) imaging was performed using a Nanosurf Easyscan 2 FlexAFM system in phase contrast mode using a Tap-190-Al-G tip.
(ii) Solar cell fabrication and analysis. Tec 15 FTO substrates were prepared by etching with HCl and Zn powder to the desired pattern. They were then cleaned thoroughly by sonicating at 80 o C in Helmanex 2wt% in water followed by water, acetone, propan-2-ol and ethanol before finally being cleaned with UV/Ozone for 20 minutes. A NiO x HTM layer was prepared by spin-coating a 50 mgmL -1 solution of nickel (II) acetate (Sigma) in 2-methoxyethanol (Sigma).
The resulting films were annealed in air at 500 °C for 30 minutes.
Perovskite, PCBM and bathocuproine film deposition was performed in an N 2 -filled dry box.
A 1.25:1.25 molar solution of MAI and PbI 2 in 4:1 DMF: DMSO was spin-coated at 4000 rpm for 30 seconds. An anti-solvent treatment was carried out with 200 μL ethyl acetate. For mixed cation perovskites, MAI was replaced with the appropriate cation so that the molar ratio was 95:5 MAI:xI. Films were annealed for 15 minutes at 100 °C. 20 mgmL -1 PCBM (Ossila) in chlorobenzene was spin-coated onto the perovskite film at 3000 rpm for 30 seconds, followed by a 0.5 mgmL -1 solution of bathocuproine (Sigma) in ethanol for 6000 rpm for 30 seconds. A silver contact was evaporated from silver wire (Alfa Aesar) at 10 -6 bar.
Current density-voltage curves were measured using a 2400 series Sourcemeter (Keithley Instruments), under simulated AM1.5 sunlight at 100 mW cm -2 irradiance generated using a class AAA solar simulator (TS-Space Systems) at room temperature in air. The intensity was calibrated using a certified silicon reference cell (Fraunhofer). The active area of the pixels was 0.0625 cm 2 , measured using a mask of the same area. Voltage scans were taken from 1.1 V (preconditioning time 5s) to 0 V at 100 mVs -1 . EIS measurements were taken on a Solartron modulab, measurements were taken under 73 mW cm -2 illumination at open circuit between 1MHz and 5mHz with a 10 mV perturbation.
(iii) Muon spin relaxation. µSR studies were performed at the ISIS pulsed muon facility using the EMU instrument. Approximately 1 gram of sample was packed into a 4 cm 2 packet made from silver foil which was subsequently attached to the sample stage. The temperature was controlled between 40 K and 410 K using a closed cycle refrigerator and a hot stage.
Measurements at four different longitudinal fields (0, 5, 10 and 20 G) were taken for each temperature. To initially calibrate the instrument a transverse field of 100 G was applied.
(iv) Ab initio simulations. The computational methodology for modelling ion transport in the solid-state is well developed and has been extensively validated for perovskites. The perovskite structures and energies were calculated using density functional theory (DFT) methods (employing the ab initio code CP2K) 2 with further details given in Section C below. A 3×2×2 supercell (576 atoms) of the tetragonal unit cell was modelled. We employed the mixed Gaussian and plane-wave method, GGA of the PBEsol form, analytical dual-space pseudopotentials and Grimme-type (DFT-D3) dispersion corrections. Activation energies for diffusion processes were computed from the total energy difference between the diffusing species in their ground-state configuration and at the saddle point of the diffusion process. Ion transport mediated by ion vacancies was examined using nudged elastic band (NEB) and constrained energy minimisation methods. Such a large supercell enabled us to model the mixed cation perovskite cells. For each composition, several ordered configurations of the A-site species were examined, and the lowest energy structure was considered for further study.
As indicated by experimental observations, we considered the following formation pathway for these mixed A-cation perovskites using Cs as an example:
The corresponding formation enthalpy can be formulated as, (ii) Structure and energetics. At room temperature, MAPbI 3 has a tetragonal phase with space group I4/mcm. 10 As shown in Fig. S3 , the PbI 6 octahedra are corner-connected and has typical 'out-of-phase' rotation along the c-axis that is a 0 a 0 c -tilting according to Glazer notation. In the tetragonal phase, the PbI 6 octahedra comprise of two non-equivalent halogen sites, (c) axial (I axial ) and (d) equatorial (I equatorial ) (see Fig. S3c,d ). Iodide migration can occur between two adjacent equatorial sites, or between an equatorial and an axial site. 
(c, d) The migration paths for iodide vacancies in tetragonal MAPbI 3 . Key: hydrogen (white), carbon (cyan), nitrogen (blue), iodine (pink), lead (brown).
The fully relaxed lattice parameters of MAPbI 3 are in very good agreement with the experimental values where the difference is within 3%. 10 To determine the structural effect of cation substitution on the MAPbI 3 structure, we first look into the total volume of the lattice. As shown in Fig (iii) Electronic properties. By examining the electronic properties, we find an insignificant effect of cation substitution on the band gap of these hybrid perovskites (Table S1) To understand the charge distribution in the hybrid perovskites, we further plot the twoand three-dimensional electrostatic potential map (ESP) in Fig. S6a -e. The ESP plots for the MAPbI 3 reveal that iodide ions are the most electronegative sites in the lattice (Fig. S6a-c) .
Furthermore, the nitrogen atoms of MA cations are also electronegative in nature, but are potentially weaker sites than the iodide. Plotting the ESP for MA 0.96 GA 0.04 PbI 3, we find that the cation mixing distorts the local Pb/I lattice to a small extent and keeps the overall electrostatic environment almost unaltered with respect to the parent perovskite (Fig. S6d,e) . (iv) Ion migration. Our calculations demonstrate that the iodide vacancy in the equatorial (e) position is energetically more stable than the axial (a) one. As reported in Table S2 , we have calculated the activation barrier for both the inequivalent ion migration path for MA 1-x GA x PbI 3 (x = 0, 0.04, 0.25) and MA 0.75 Cs 0.25 PbI 3 . Regardless of the A-cation composition, the hopping between an equatorial and an axial site always exhibits a higher energy barrier for migration than hopping between two equatorial sites. In a polycrystalline sample where the orientation of individual grains is random, the higher migration barrier should be considered as the representative one for long-range ion-diffusion. The energy profile along the iodide migration path is shown in Fig. S8 . We also calculate the migration barrier for MA and GA cations in the parent and the mixed cation perovskites (Table S2 ). In line with previous studies, we find much higher activation energies for A-cation migration than for iodide migration, confirming that significant A-cation migration is unlikely. To find out the effect of substituted organic A-cation orientation on the calculated activation energies for the iodine migration, we have considered several different conformations of GA in MA 0.75 GA 0.25 PbI 3 (see Fig. S9 a-c) . For instance, we find no significant and superconductivity in a wide range of different materials. 13 µSR has, more recently, been used to investigate the diffusion of Li + and Na + in modern battery materials. Muons are implanted into the sample where they decay into a positron, which is most likely to be emitted in the muon spin direction at the instant of decay (Fig. S18) . The effect of local fields on the material on the muon spins is detected by the change in the asymmetry of the positron counts in detectors around the sample. Using this technique, activation energies and diffusion coefficients of ions with nuclear magnetic moments can be measured.
Figure S18. Muon decay. Schematic depicting the decaying of a muon into a positron and two neutrinos.
All the raw muon data is available electronically at the following DOIs, The muon data were analysed using the dynamic Gaussian Kubo-Toyabe function multiplied by an exponential to describe the spin evolution of muons within the sample added to a constant background term to account for muons stopping outside the sample. This is shown in the equation below, where A 0 is the initial asymmetry at (t = 0), A BG is background asymmetry and A KT is the relaxing asymmetry. 14
Initial trial fits with all parameters allowed to vary, except for H LF which is controlled by the experimental condition, showed that A BG , A KT and λ were independent of temperature so they were fixed to their mean values in the final analysis. A small non-zero value of λ (less than 0.02 MHz) was found to be necessary to consistently describe the data across the full temperature range and can be attributed to a slight difference between the field distribution in the samples and the Gaussian approximation of the G DGKT function.
(ii) Stability of the perovskite powders measured by muon spectroscopy.
Perovskites are known to degrade at higher temperatures, so it was important to check that the material had not been damaged by the measurement. In order to rule out degradation as a cause of the change in the fluctuation data, we investigated the stability of the sample in three different ways. Firstly, we performed a thermogravimetric analysis on a MAPbI 3 sample between 300 K and 450 K (Fig. S19a, b) . No obvious mass loss was observed over this temperature range which is in agreement with previously observed thermal analysis on MAPbI 3 . 15 Secondly, pXRD analysis was performed on the MAPbI 3 sample both before and after the µSR experiments. There were small changes in peak intensity, but an absence of peaks associated with the presence of PbI 2 . This strongly suggests no degradation of the perovskite material had occurred (Fig. S19c) .
Thirdly, after the initial muon measurements were taken, one of the samples was cooled to 100 K and more data were acquired at a few temperature points. There was no change in the resulting spectra. 
(iii) Muon Stopping Sites and Local Field Distribution
MAPbI 3 is a very soft and flexible material and behaves quite differently to the more rigid inorganic lattices that are studied for battery materials. It is also important to note that three phase transitions occur during the muon experiments, orthorhombic to tetragonal at about 160 K and tetragonal to cubic at about 330 K. 16 To understand the temperature and phase dependence of the distribution of nuclear magnetic fields, Δ, experienced by the muons; we calculated Δ at different positions in the unit cells of the three structural phases of h6-MAPbI 3 and d6-MAPbI 3 . The value of Δ for a given site is defined by the expression: 14
where γ μ is the gyromagnetic ratio of the muon, I i and γ i are the spin and nuclear gyromagnetic ratio of the i-th nucleus, and r i is the distance between the muon site and the i-th surrounding nucleus.
The sum was evaluated for nuclei within a radius of ten-times the longest unit cell parameter, in excess of the distance within which these fields contribute measurably to the observed signal. The positive muons generally stop in the vicinity of negative ions in the crystal. Therefore, the stopping sites of muons in the lattice can be estimated from the electrostatic potential map which has been calculated from ab initio computations. As shown in revised manuscript (ESI Fig. S6a-c To consider how the 5% cation substitution will affect these stopping sites we carried out electrostatic potential calculations which show very minor changes relative to the unsubstituted material (Fig. S6d,e) . The changes in muon stopping site position are therefore likely to be very minor, corresponding to changes in the I-μ-I bond angles due to local lattice distortions rather than different muon stopping sites being favoured. In terms of the Δ values, the principal change will be moving the muon site in the cubic phase closer to coordinating with two iodide ions rather than three, which decreases Δ in agreement with the experimental observations.
If the muon were to implant at the centre of the MA molecule the dipolar field calculations suggest Δ≈0.65MHz and Δ increase towards the end of the electrostatic dipole as the muon gets closer to the protons. Since the observed Δ values are smaller than this, as well as the electrostatic calculations (Fig. S6 ) suggesting that such a site would be less favourable, we can exclude this site. Similarly, the possibility that muons implant at iodide vacancies is excluded electrostatically.
In conclusion, the temperature dependent behaviour of Δ in h 6 -MAPbI 3 and d 6 -MAPbI 3 can be explained by muon stopping sites associated with the electrostatically favourable regions between I -ions. The structural changes affect the distances between the MA molecules and the PbI 6 octahedra, in particular, the change in the octahedral tilting. Our data are not consistent with muons stopping in iodide vacancies, or within the MA molecules, or forming μI bound states. Electrostatic calculations show that the muon stopping sites are strongly electronegative and this excludes muon diffusion. They also show that the sites will not radically change at a 5% level of cation substitution, even for the GA cation.
(iv) Excluding muon motion in the samples. The growth in ν in the two temperature regions where it is observed could have three plausible origins in these samples: molecular dynamics moving hydrogenated/deuterated ions relative to stationary muons, iodide motion relative to stationary muons, or muon motion relative to the lattice. As discussed in the main text, perdeuteration of the MAPbI 3 sample demonstrated a significant difference in the lowtemperature change in ν but not at high temperature, allowing us to attribute the lowtemperature behaviour to molecular dynamics of the MA cations.
To distinguish the two remaining possibilities for explaining the high-temperature behaviour we draw an analogy between our muon results and those for the isostructural series LiCrO 2 , LiCoO 2 , and LiNiO 2 . 44 LiCrO 2 is electrochemically inactive whereas LiCoO 2 and LiNiO 2 both have Li + motion on a timescale amenable to muon study. The high-temperature behaviour observed in our GA sample, where any increase in ν is negligible, is comparable with the results on LiCrO 2 . This also agrees with the impedance measurements where the feature related to iodide motion disappears after GA substitution. In contrast, our other samples show significant increases in ν similar to those observed in LiCoO 2 and LiNiO 2 . Our samples are also close to isostructural, as the 5% substitution of a second cation slightly distorts the local crystal structure near the substituted cation; but leaves the overall perovskite structure largely unchanged, in good accord with our ab initio simulations and the XRD analysis. Furthermore, we obtain good agreement in the energy scales for iodide motion from the impedance and µSR measurements, which would be very hard to explain if the latter was observing muon motion rather than iodide motion common to both techniques. 
The iodide diffusion model used for the calculation of diffusion coefficients was that presented by Eames et al. 19 This assumes that there is just one mechanism for diffusion with four possible pathways. A jump distance of 4.49 Å, calculated using neutron diffraction data, was used for the inter atomic distance. 10 A vacancy fraction of 0.4%, as calculated by Walsh et al. 20 was used. We are aware that there is some debate over the precise vacancy fraction in MAPbI 3 and we have used a widely cited literature value. As the diffusion coefficient is linearly dependent on the vacancy fraction, the change can be easily calculated if the vacancy fraction is slightly different. 
